Acetic acid bacteria are gram-negative and obligately aerobic bacteria consisting of three genera, namely, Acetobacter, Gluconobacter, and Frateuria. They are characterized by the strong ability to oxidize alcohol and sugars as well as high resistance to acetic acid (5) . Because of these characteristics, Acetobacter and Gluconobacter spp. are used for the industrial production of vinegar and sorbose, respectively. Marked genetic instability has been observed in these bacteria, which causes spontaneous mutations at high frequencies leading to deficiencies in various physiological properties, such as acetic acid resistance (16) , ethanol oxidation (16) , and cellulose formation (4) . Very little is known about the genetic background of the instability, despite its significant influence on the industrial use of these organisms. Acetobacter pasteurianus NC11380 is a thermophilic strain that grows at 37°C which we isolated from the surface culture of acetic acid fermentation in a vinegar factory. Prolonged cultivation of the strain in liquid medium supplemented with ethanol led to the appearance at high frequency of mutants defective in ethanol oxidation. Because the ethanol-oxidizing ability is the most important characteristic of acetic acid bacteria and also because A. pasteurianus is a dominant strain in static acetic acid fermentation, we chose strain NCI1380 as a model case of the genetic instability in this group. We had previously developed host vector systems for acetic acid bacteria (7, 9, 18) and also cloned the alcohol dehydrogenase (ADH) (20) and aldehyde dehydrogenase (10) genes of Acetobacter polyoxogenes NCI1028. By using the cloned ADH gene cluster as a probe, we discovered a novel insertion sequence (IS) in the mutant strains of A. pasteurianus that was defective in ethanol oxidation. This article describes the characterization * Corresponding author. and sequencing of the IS, which is involved in the inactivation of the ADH gene cluster and possibly in the genetic instability of acetic acid bacteria.
MATERIALS AND METHODS
Bacterial strains. A. pasteurianus NCI1380 is a thermophilic acetic acid bacterium which was isolated from vinegar mash of surface acetic acid fermentation in a vinegar factory (Nakano Co. Ltd., Handa, Japan) by plating on YPGE agar plates (see below) at 37°C. It originally required methionine for growth, a characteristic which was used as a stable genetic marker. All of the bacterial strains and plasmids used in this work are listed in Table 1 .
Media and culture conditions. YPG medium (pH 6.5) consisted of 5 g of yeast extract (Wako Pure Chemicals), 2 g of polypepton (Wako Pure Chemicals), and 30 g of glucose in 1 liter of water. YPGE medium was YPG containing 3% ethanol. Solid medium was made by adding 2% agar. Each strain of acetic acid bacteria was first cultured in a 50-ml test tube containing 5 ml of YPG medium with shaking for 24 h at 30°C. A 1-ml volume of the broth was inoculated into 100 ml of the YPG or YPGE medium in a 500-ml shaking flask and further cultured with shaking at 30°C. Escherichia coli was routinely grown in Luria broth (13) .
Measurement of the concentration of acetic acid. The concentration of acetic acid was measured by titration with 1 N NaOH as described by Ohmori et al. (15 ability of each strain thus obtained was determined by measuring the production of acetic acid as described by Ohmori et al. (16) . The resistance to acetic acid was determined by the method described by Ohmori et al. (15) .
Enzyme assays. Cell-free extracts were prepared by use of a French pressure cell (20,000 lb/in2) from YPGE-grown cells suspended in 0.01 M potassium phosphate buffer (pH 6.0), and the activities of ADH and aldehyde dehydrogenase were measured by the ferricyanide method described by Adachi et al. (2, 3) .
DNA preparation and manipulation. Total DNA of acetic acid bacteria was prepared as described by Okumura et al. (18) . DNA-DNA hybridization was performed by the standard method (13) . Restriction endonucleases and T4 DNA ligase (Takara Shuzo Co., Kyoto, Japan) were used as described in the instruction manuals of the manufacturer. E. coli was transformed by the CaCl2 method (13) . The DNA sequence was determined by the dideoxy chain termination method of Sanger et al. (19) combined with the M13 cloning system (14) .
Computer analysis of nucleotide sequences. The DNA sequences were analyzed by using the GENETYX sequence analysis program (Soft Development Co., Ltd., Tokyo, Japan).
Nucleotide sequence accession number. The nucleotide sequence of IS1380 has been submitted to the DDBJ, EMBL, and GenBank nucleotide sequence data bases under accession number D90424.
RESULTS
Isolation and characterization of mutants defective in ethanol oxidation. We previously observed that a thermophilic strain of Acetobacter aceti produced spontaneous mutants deficient in both ethanol oxidation and acetic acid resistance at high frequencies in the stationary growth phase in liquid medium (16) . We then examined whether a similar event also occurs in A. pasteurianus NCI1380. The time course of acetic acid production and the number of viable cells which occur during the aerobic cultivation of A. pasteurianus in YPGE medium at 30°C are shown in Fig. 1 . Cells began to die rapidly when the late-logarithmic growth phase ended at 24 h. Ten colonies each from various stages of the culture (0, 12, 24, 33, and 48 h) were randomly picked up for subcultivation, and these cultures were examined for their ethanoloxidizing abilities. All of the strains isolated from the original culture at 0, 12, 24, and 33 h exhibited the same ethanoloxidizing ability, whereas 3 of 10 strains isolated at 48 h lost their ethanol-oxidizing abilities. Similar experiments were repeated four times, and a total of 22 strains defective in ethanol oxidation were isolated ( Table 2 ). The deficient strains always appeared at frequencies of about 10 to 60% after a prolonged cultivation of 48 h, during which viable cells decreased less than 103 per ml. They also showed a simultaneous decrease in acetic acid resistance, as was observed with A. aceti (16) . All of these strains deficient in ethanol oxidation showed a complete loss of ADH activity along with a decreased level of aldehyde dehydrogenase activity. The methionine auxotrophy of the original strain was retained in these strains, and the reversion rate of the deficiency in ethanol oxidation was found to be less than 10-'. From these observations, it was concluded that A.
pasteurianus NCI1380 showed a typical genetic instability like that observed with other acetic acid bacteria (4, 12, 16) , which caused the loss of ethanol-oxidizing ability because of inactivation of ADH activity. Southern blot analysis of the mutant genomes by probing with the cloned ADH gene cluster. The ADH of A. polyoxogenes NC11028 is composed of two subunits, a dehydrogenase subunit and a cytochrome c subunit (21) . We previously cloned both the ADH and cytochrome c genes from this strain and determined their nucleotide sequences (20) . The two subunit genes of this strain were located very close to each other to form a gene cluster ( Fig. 2A) (20) . To detect the presence or alteration of the ADH gene cluster in the ethanol oxidation-deficient mutants of A. pasteurianus, we conducted Southern blot analysis by using the cloned ADH gene and the cytochrome c gene as probes ( Fig. 2A) . Hybridization of BamHI-plus-PstI digests from the four mutant strains 1-6, 4-12, 3-54, and 3-70 with the ADH probe revealed the presence of the same single 4.5-kb fragment giving positive hybridization in all of the mutant strains (Fig. 2B) , suggesting that no great alteration in the ADH gene occurred. On the other hand, when the cytochrome c probe was used for hybridization, the sizes of fragments giving positive hybridization were larger by 1.5 kb in three mutant strains (i.e., strains 1-6, 4-12, and 3-70) in comparison with the positive 3-kb fragment of the parental strain (Fig. 2B) . These observations suggested that in these three mutant strains, the defect in the alcohol-oxidizing ability might be caused by insertion of an unknown 1.5-kb sequence into the gene encoding the cytochrome c subunit of ADH.
We also conducted Southern blot hybridization with the previously cloned 8.3-kb DNA fragment containing the acetic acid resistance determinants aarA, aarB, X, and aarC (8) . No detectable alteration in the hybridization patterns of the four mutant strains was found (data not shown). This means that the decreased level of acetic acid resistance of the mutants was caused by some other unknown mechanism but not by insertion of a DNA fragment into these resistance genes.
Cloning of the DNA sequence inserted in the cytochrome c subunit gene. To analyze the above observation in more detail, we cloned the DNA fragments hybridizing with the cytochrome c probe from the mutant (strains 1-6, 3-54, and 4-12) and parental strains. PstI-BamHI fragments of 3.0 kb (from the parental strain and strain 3-54) and 4.5 kb (from strains 1-6 and 4-12) were purified by agarose gel electrophoresis, ligated with pUC18 DNA digested with PstI plus 3-54, respectively. Figure 3 shows the restriction maps of the PstI-BamHI fragments on these plasmids. Restriction analysis and partial sequencing analysis showed that all plasmids contained the cytochrome c subunit genes and a 3' portion of the dehydrogenase subunit gene. Plasmids pCY16 and pCY412 also contained unknown inserted sequences in the cytochrome c subunit gene. The unknown inserted sequences of pCY16 and pCY412 showed identical restriction patterns and were inserted in opposite orientations into the same region in the cytochrome c gene. On the other hand, the cytochrome c gene on pCY354 appeared to contain no detectable alteration by this restriction analysis.
Nucleotide sequences of the inserted sequences. The nucleotide sequence of the cytochrome c gene and the inserted sequences on pCY412 and pCY16 were determined by the strategy shown in Fig. 3 . Comparison of the nucleotide sequences of this region with that of the cytochrome c gene from A. polyoxogenes predicted that the cytochrome c of A. pasteurianus consisted of 469 amino acids. The nucleotide sequence of the cytochrome c gene of A. pasteurianus NC11380 will be reported elsewhere.
The nucleotide sequencing of the fragments on pCY16 and pCY412 indicated the presence of a DNA fragment inserted at the same positions (Fig. 4) but in opposite orientation to each other, as was expected from the above restriction analysis. We also found a duplication of 4 bp, TCGA, in the same orientation at the target site, which was probably generated upon insertion. These ISs were both 1,665 bp in size and almost identical, with differences in only 11 bp (Fig.   4 by using an internal 1.1-kb BglII-EcoRI fragment (Fig. 3) as the probe. The results of the Southern blot analysis clearly showed that the copy number of IS1380 in A. pasteurianus NC11380 was extremely high (Fig. 5) . Since a band with the weakest intensity must derive from a single copy of IS1380 and the intensity of the weakest signal is about 1% of the sum of total intensities, we can estimate the copy number to be approximately 100.
Target site specificity of IS1380. The IS elements usually show a target site specificity, to some extent, upon transposition (11). As described above, IS1380 was inserted at the same site, TCGA, in the cytochrome c subunit gene. To investigate whether IS1380 is inserted into a TCGA sequence preferentially, we randomly cloned three copies of IS1380 from A. pasteurianus NCI1380 and determined their nucleotide sequences covering the target sites. These three copies of the IS were found to contain a 4-bp target duplication upon transposition, and the nucleotide sequences of the target duplications were TCGA, TCGG, and CTGA. We therefore conclude that the requirement for the nucleotide sequence of the target site is not absolutely strict but that a TCGA sequence is a preferable site, because three of five copies of IS1380 examined were inserted into a TCGA site. To estimate the ratio of the copies which were inserted into a TCGA site, we did Southern blot analysis by using the 1.1-kb BglII-EcoRI fragment (Fig. 3) as the probe against TaqI-digested or BglII-plus-EcoRI-digested total DNA of A. pasteurianus NCI1380 (Fig. 6) . When the total DNA of A. pasteurianus NCI1380 is digested with BglII plus EcoRI, all of the copies of 1S1380 will be detected as a single band of 1.1 kb. On the other hand, when the total DNA of this strain is digested with TaqI, all of the copies of 1S1380 which are inserted only into a TCGA site will be detected as a single band of 1.7 kb, because a TCGA sequence is not present in IS1380 and is recognized and digested by TaqI. Therefore, after hybridization with the probe, we can estimate the ratio of copies inserted into a TCGA site by comparing the signal intensities of 1.7 kb produced by TaqI and those of 1.1 kb produced by BglII plus EcoRI. These analyses showed that about 50% of the total copies of IS1380 were inserted into a TCGA site (Fig. 6) . From these observations, it is clearly indicated that IS1380 shows relatively strict target specificity, which preferentially recognizes a TCGA site.
Distribution of 1S1380 in other acetic acid bacteria. To investigate the distribution of IS1380 in other acetic acid bacteria, we performed Southern blot analysis against PstIdigested total DNAs from a number of acetic acid bacteria by using the 1.1-kb BglII-EcoRI fragment in 1S1380 as the probe (Fig. 3) . The results are shown in Fig. 7 In this work, we showed that three of four ethanol oxidationdeficient mutants of A. pasteurianus NCI1380 contained a novel IS element, IS1380, in the cytochrome c gene. In addition, we observed that five of seven additional ethanol oxidation-defective mutants of A. pasteurianus NC11380 contained IS1380 in the cytochrome c gene (data not shown).
All of these observations suggest that the insertion of IS1380 into the cytochrome c gene is the principal reason for the loss of ADH activity in this organism. However, the fact that mutant strain 3-54 of A. pasteurianus NCI1380 does not contain IS1380 in the cytochrome c gene or the ADH gene (Fig. 2B) indicates the existence of some other mechanism associated with the loss of ethanol-oxidizing ability. It seems possible that some other component of the ADH complex, such as a protein required for correct integration of the enzyme complex into the cell membrane, is inactivated by insertion of IS1380. The presence of the same element in A. aceti subsp. aceti 1023 suggests that our previous observation on the instability of alcohol-oxidizing ability in this strain may also be explained in terms of a similar insertion. Since IS1380 seems to be distributed broadly in various strains of acetic acid bacteria, we may assume that the transposition of IS1380 is one of the major factors responsible for the genetic instability of acetic acid bacteria. Ohmori et al. (16) suggested that the appearance of spontaneous mutants of A. aceti subsp. aceti 1023 was induced by the addition of ethanol or acetic acid. In this study, many mutants defective in ethanol oxidation were obtained from cultures in the late stationary phase when the concentration of acetic acid in the medium was increased. Our speculation is that ethanol or acetic acid causes induction of transposition of IS1380 in Acetobacter spp. Further studies are required for elucidating the mechanism for induction of the transposition of IS1380.
Another characteristic of IS1380 is its relatively strict specificity for the target sequence. Although IS elements usually show little specificity for the target sites on transposition (11), IS1380 recognized a TCGA sequence rather preferentially (Fig. 6 ). Since only a single TCGA sequence is found in the cytochrome c subunit gene, we assume that site-directed mutagenesis to modify the TCGA sequence in the cytochrome c gene in such a way that the mutagenesis does not alter the amino acid sequence may cause stabilization of the strain by reducing the frequency of the ethanol oxidation-defective mutation.
